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ABSTRACT

The polychaete annelid, Odontosyllis enopla Verril of the family syllidae in the

Bermudas, possesses a lunar periodicity and bioluminesces during the mating period.

Odontosyllis has four eyes arranged so that two are located on each side of its head.

The eyes are situated on lobes that have some degree of movement. Light sensitivity

is maximum for illumination along the optical axis, which is different for the anterior

and posterior pairs. The eye resides in a cavity formed by the pigment granules, and

is structured of a lens, photoreceptor cells, the retina, and pigment granules. The

retinal photoreceptors approach and surround the lens. The photoreceptors are formed

of membranous processes, lamellae, and are similar in structure to the rhabdomeric

photoreceptors of arthropods, cephalopod mollusc eyes, and the retinal rod outer

segment of vertebrate eyes. The lens is a spheroidal body composed of cells. Closely

associated with the lens are rods (tubes) about 60 nm in diameter arranged in linear

arrays, suggesting that they are fiber optic bundles. The function of the fiber optic

system could be to detect the direction of the bioluminescent light and to maximize

the light-collecting ability of the eye.

INTRODUCTION

In the search for evolutionary clues in the development of the eye and vision, a

comparative study of the eyes in a variety of invertebrate marine animals has been

under continuous investigation (Wolken and Florida, 1969; Wolken, 1971, 1974,

1975). Among invertebrates, the arthropods and molluscs, evolved imaging eyes, and

the question arose whether among annelids image forming eyes also evolved.

The eye structure of polychaete annelid was described some time ago by Greef

( 1 877), Andrews ( 1 892), and later by Hesse ( 1 899). More recently Hermans and Eakin

(1974) investigated by electron microscopy the fine structure of the eye on an alciopid,

Vanadis tangensis. This was followed by Wald and Rayport (1977), who demonstrated

that the alciopids Torrea Candida, a surface worm, and Vanadis, found in the deep

sea, possess image resolving eyes. To investigate the visual system of Odontosyllis

enopla Verril, of the family syllidae, known as the "fireworm" of Bermuda, was of

interest to us due to the early studies of Galloway and Welch (191 1). Odontosyllis

possesses a lunar periodicity throughout the year. The mating period continues from

one to three days or more after the full moon, occuring precisely 50-55 minutes after

sunset (Markert et al, 1961). The females luminesce at the surface, attracting the

males, who also luminesce (Huntsman, 1948). The bioluminescent color observed

in its natural environment is bluish-green, but in the laboratory upon agitation, the
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live worms bioluminesce a bright green. The bioluminescent substance has been

chemically identified as a luciferin system (Shimomura et ai, 1963; Trainor, 1979).

The response of Odontosyllis eyes to light stimuli of various wavelengths was

determined by recording (ERG) electroretinogram (Wilkens and Wolken, 1981). The
visual spectral peak response was around 510-520 nm, which coincides with the

bioluminescent luciferin system emission peak of around 507-516 nm (Shimomura
et al, 1963; Nicol, 1978). This suggests that the response is a visual one for sensing
the bioluminescent light. As a result of these studies we became interested in examining
in greater detail how the eye of Odontosyllis enopla is structured for light reception.

MATERIALSANDMETHODS

The Bermuda fireworms Odontosyllis enopla were collected during the months
of July and August (1979-1981) in regions of shallow grass beds lining the shore of

Whalebone Bay on the north shore of Bermuda. Both female and male worms were

collected one hour after sunset and from one to five days after the full moon, by

netting the worms at the surface during their bioluminescent mating displays.

For microscopy, both whole worms and the heads of worms were immediately

fixed, some in 2.5% gluteraldehyde, pH 7.4, and others in Karnovsky's fixative, buffered

with Millonig's phosphate buffer, pH 7.4. The fixed Odontosyllis were then refrigerated

(4C) until they were further processed for microscopic examination.

For electron microscopy, the fixed specimens were post fixed in 2% OsO4 and

the entire block stained with 2%aqueous uranyl acetate. All excess tissue was removed,
and the organisms were dehydrated through a graded series of alcohols and finally

in propylene oxide. They were placed in Mollenaur's number 2 formula for Epon-
Aralidite and embedded in flat molds, in order to orient the eyes properly for sectioning.

One micron sections were cut with glass knives on an LKB-Huxley Ultramicrotome.

These sections were stained with methylene blue and examined by light microscopy.
For transmission electron microscopy, the best fixed material was selected. Thin

sections were then cut with a diamond knife on the Reichert Om-U2Ultramicrotome.

These sections were then double stained with 5% aqueous uranyl acetate for 20

minutes and then with Reynold's lead citrate for 5 minutes. The sections were scanned

using the Philips Em-300 electron microscope, and various areas of the eye were

photographed.
For scanning electron microscopy, the specimens were treated identically to those

for transmission electron microscopy. The organisms were post fixed in OsO4 and

then dehydrated through a graded alcohol series to one hundred percent ethyl alcohol.

The fixed and dehydrated organisms were dried in a Polaron Critical Point Dryer,

mounted on studs, and coated in the Polaron E5100 sputter coater. The organisms
were examined and photographed using the AMR-1000 scanning electron microscope
in the Department of Biological Science, University of Pittsburgh.

To extract the visual pigment from the Odontosyllis eyes, 500 heads were dissected

from the worms under red light in a cold room and were freeze dried. After thawing,
the extraneous material was centrifuged away. The resulting material was then extracted

with 1-2% aqueous digitonin in phosphate buffer, pH 7.5, in the dark at room

temperature over night. The digitonin extract was then fractionated using a sucrose

gradient density method followed by centrifugation and then ultracentrifugation

(30,000 rpm for 1 hour). This resulted in a pink-colored layer that was removed from

the centrifuge tube; its absorption spectrum was obtained in a Gary- 14 Spectropho-
tometer.
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RESULTS

Odontosyllis has four eyes arranged so that two pairs are located adjacent to each

other on the dorsal surface of the head (Fig. 1 ). The eyes are on protruding lobes

that have some movement (Fig. 2). There were individual differences in the locations

FIGURE 1 . (Top) Odontosyllis enopla Verril. Live male and part of a female showing the two pairs

of eyes. 13X. A. Live female (22 mmlong, 1.5 mmin diameter). Photographed in laboratory with dark

field illumination. 2.5X.

FIGURE 2. (Bottom) Scanning electron microscopy (SEM) of head area of Odontosyllis, showing
lobes in which the two eyes are located. 106X.
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of the eyes, as well as in their relative size. The eyes of the males are larger than the

eyes of the females. The eyes seemed to change in size and pigmentation with time

in the laboratory. In females collected during the breeding period, the eyes were

heavily pigmented, with the anterior eyes being larger than the posterior ones (Figs.

3, 4). However, after 7-10 days in the laboratory, the anterior eyes had decreased in

size and were more nearly the size of the posterior eyes, or smaller. In addition, both

pairs of eyes had become less heavily pigmented, giving rise to the appearance of

some of the inner structures of the eye.

The front of the eye is almost completely covered by the worm's cuticle, and

each eye has a rounded exterior with a relatively small opening. The lens is located

behind the opening. The position of the lens can only be distinguished from the rest

of the darkly pigmented eye with the aid of a stereomicroscope. The lens is a spheroidal

gelatinous body lying in the cavity formed by the pigmented cup (Fig. 5). From the

FIGURE 3. (Top left) Preserved female worm, with the two eyes on each side of the head anterior

segments. 17X.

FIGURE 4. (Top right) Cross-section of a cut through the head, histologically stained, showing the

two eyes on each side of the head and their relative size. N, region of neural structures. 92X.

FIGURE 5. (Bottom left) Section through the eye, showing the lens (L), photoreceptors (R), and

pigment granules (P) that surround the eye. EM. 306X.

FIGURE 6. (Bottom right) Higher magnification of boxed area in Figure 5, showing part of the lens

(L), photoreceptors (R) and pigment granules (P), receptor cells (RC), supporting cells (S). EM.
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contour of the eyes and the location of the lens, the optical axis of the anterior eyes

appears to be directed forward and lateral whereas the axis of the posterior eyes

appears to be directed dorsally, with a slight forward-lateral bias ( Wilkens and Wolken,

198 1 ). A cross-section cut through the eye shows the lens, photoreceptors, and pigment

granules (Figs. 4-6). Microscopic examination of sections of the lens show that it is

composed of cells. Electron microscopy of the lens indicated that within the lens area

there are rods or tubes about 60 nm in diameter that are arranged in a uniform linear

array (Figs. 7-9).

The retinal photoreceptors surround the lens and appear to be in contact with

the lens (Figs. 5, 6). The retinal photoreceptors vary in length and measure up to 45

-^

FIGURE 7. (Top) The lens, cells, and tubular structures in the lens. Compare shape of lens to Fig-

ure 5.

FIGURE 8. (Bottom left) The tubules, higher magnification of Figure 7, in cross-section arranged in

linear arrays in the lens. EM.
FIGURE 9. (Bottom right) The lens, higher magnification of Figure 8, longitudinal section of the

tubules.
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and are about 1-2 ^m in width (Fig. 10). The retinal photoreceptors are formed

by membranous processes into lamellae that are about 70 nm in thickness (Fig. 10).

The lamellae are aligned with the optical path and lie at right angles to the light path.

The retinal cells are separated by an extension of "grey" cell material and by
mitochondria. The "grey" cells are located at the posterior end of the photoreceptors

and are adjacent to them (Fig. 6). They contain the bulk of the pigment granules

and form the inner part of the enclosure of the eye. There are openings (appearing

circular) through or between these "grey" cells in which mitochondria are observed

that are continuous with the regions that separate the photoreceptors. Myelinated

bodies appear in these cells and in the cells adjoining them. There are also neural

structures in the cells lying behind the photoreceptors which connect directly to the

"grey" cells and to supporting cells that penetrate into this cellular region. Formalin

fixed histological sections stained with hematoxylin and eosin indicated that neural

fibers were located in the region (Fig. 4). The generalized eye structure of Odontosyllis,

obtained from examining numerous microscopic sections (Figs. 3-10), was used to

reconstruct the schematized eye in Figure 1 1 .

It was also of interest to see if we could determine the nature of the visual pigment.

Spectral analysis of the pink layer obtained from sucrose density fractionation showed

two absorption peaks, one a sharp band in the neighborhood of 420-430 nm and

another broader band around 500 nm. The spectral absorption peak around 500 nm
could indicate that the visual pigment is a rhodopsin. However, our attempts to

"

FIGURE 10. The retinal photoreceptors.
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CELL

PIGMENT GRANULES

PHOTORECEPTORS

FIGURE 1 1 . Schematic structure of the eye, showing lens photoreceptors, retinal cells, and pigment

granules.

identify the visual pigment were limited due to the number of Odontosyllis heads

(500) we could dissect and fractionate for analysis.

DISCUSSION

Considerable information has accumulated over the past century on annelid poly-

chaetes, but their eye structure and visual physiology has not been extensively in-

vestigated, partly because it was believed until recently that they did not evolve image

forming eyes and that many marine polychaetes of interest are rare and difficult to

collect alive (Wald and Rayport, 1977).

As already noted, the electroretinogram (ERG) of the eyes of Odontosyllis, the

visual spectrum, was found to coincide with the bioluminescent emission spectrum

(Wilkens and Wolken, 1981). This indicated that the Odontosyllis eye detects the

bioluminescent light signals. The questions we then raised were how is the eye structured

for imaging and what is its visual pigment? Wewere also interested to learn how the

eye structure differs from that of the alciopids that do possess image resolving eyes

(Wald and Rayport, 1977).

In general, the structure of the eye of Odontosyllis enopla as we have described

it, Figures 1-10, and schematized it in Figure 1 1, does not differ greatly from the

description and early drawings of the eye by Galloway and Welch (1911). More recent

studies of the eye by electron microscopy of a closely related species, Odontosyllis

ctenstoma, found off the coast of Roscoff, France (Bocquet, 1977, 1983), indicate

similarities to the mature Odontosyllis enopla, including the observation that the eye

undergoes hypertrophy (Bocquet, 1977). The eye structure does not differ greatly

from other polychaetes, for example Platynereis dumerilii, as studied by Fischer

(1971). Of interest to us was that within the lens area there are rods (tubes) arranged
in a linear array that appear to be aligned with the optical axis (Figs. 7-9). Such an

arrangement for the lens could function as light guides to maximize the light collecting

ability for the eye. If the rods behave in this fashion, the lens would possess a fiber-
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optics system serving as an efficient light collector for the photoreceptors. Such a

system would be consistent with the Odontosyllis environment, for successful mating

depends upon the detection and location of the bioluminescent light. However, further

studies of the optics of the eye beyond that of a light detecting system is necessary

to resolve the question of how good an imaging system it possesses.

The retinal photoreceptor structure appears to be of rhabdomeric origin (Westfall,

1982). They are similar to the photoreceptors of arthropods, mollusc eyes, and ver-

tebrate retinal rod outer segments (Wolken, 1971, 1975). In the alciopid Vanadis

there is a unique accessory retina which is not found in Torrea, a surface worm. The
additional retina for Vanadis was postulated by Wald and Rayport (1977) to act in

conjunction with the main retina as a depth indicator (Waterman, 1974). This function

is based on the differing rates of extinction with the depth of the wavelengths that

penetrate the sea. The possession of two retinas permits greater sensitivity to the

changing wavelengths of light. The anatomical arrangement of an accessory retina

in these alciopid eyes appears to correspond with the multi-retinas found in deep-

sea cephalopod mollusc and fish eyes. No such mechanism occurs in the eyes of

Odontosyllis, which is consistent with its shallow water habitat. As to the nature of

the visual pigment of Odontosyllis, spectral absorption indicates that it is a carotenoid,

a rhodopsin system. However, a larger sample and further purification is necessary

to identify more precisely the visual pigment.
The structure of the Odontosyllis eye as we visualize it could indicate that among

the annelid polychaetes an evolutionary development occurred from that of a pinhole-

type eye to that of a simple camera image-forming eye.
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